FtsZ filaments participate in bacterial cell division, but it is still not clear how their dynamic polymerization and shape exert force on the underlying membrane. We present a theoretical description of individual filaments that incorporates information from molecular dynamic simulations. The structure of the crystallized Methanococcus jannaschii FtsZ dimer was used to model a FtsZ pentamer that showed a curvature and a twist. The estimated bending and torsion angles between monomers and their fluctuations were included in the theoretical description. The MD data also permitted positioning the curvature with respect to the protein coordinates and allowed us to explore the effect of the relative orientation of the preferred curvature with respect to the surface plane. We find that maximum tension is attained when filaments are firmly attached and oriented with their curvature perpendicular to the surface and that the twist serves as a valve to release or to tighten the tension exerted by the curved filaments on the membrane. The theoretical model also shows that the presence of torsion can explain the shape distribution of short filaments observed by Atomic Force Microscopy in previously published experiments. New experiments with FtsZ covalently attached to lipid membranes show that the filament on-plane curvature depends on lipid head charge, confirming the predicted monomer orientation effects. This new model underlines the fact that the combination of the three elements, filament curvature, twist and the strength and orientation of its surface attachment, can modulate the force exerted on the membrane during cell division.
Introduction
FtsZ laments play a central role in bacterial cell division. [1] [2] [3] They assemble into a ring in the midcell region and participate in the recruitment of other proteins forming the septal ring that exerts the force to divide the cell. The protein assembles in vitro in the presence of GTP 4 forming a large variety of dynamic structures depending on the pH, the presence of various monovalent salts, crowding agents and polycations. 5 Supramolecular structures formed in vitro include two-dimensional rings, three-dimensional toroids and multistranded helices. Helical forms have also been observed in vivo by uorescence microscopy in bacteria. 6, 7 Filament curvature is relevant for the formation of the Z-ring inside the cell and is also believed to play a central role in the force generation mechanism. Most theoretical models that describe force generation include curvature as an essential element and consider that a constriction force is generated by a switch from a straight to a curved lament conformation induced by GTP hydrolysis. [8] [9] [10] [11] [12] However, strong experimental evidence to support this nucleotide dependent conformational switch is lacking. Crystal structures of FtsZ containing different nucleotides revealed notably few differences between GTP and GDP containing monomers 13 and single lament dynamic behavior showed that the GTP hydrolysis rate is associated with the depolymerization velocity but not with the lament curvature. 14 In spite of the fact that inside the cell laments are attached to the membrane, 15 the effect of surfaces in modulating lament shape and curvature has not been sufficiently addressed. Recent experiments in Giant Unilamelar Vesicles (GUVs) showed that protein laments articially attached to the surface deformed the membranes inwards or outwards depending on the orientation of the lament binding. 16, 17 More recent results examining the structure of the same articially membrane attached laments on supported membranes with different curvatures have indicated that a lament twist, additional to the curvature, is needed to explain the observations. 18 Filaments formed directly on at surfaces and characterized by AFM show that straight and curved laments can coexist, depending either on the length of the laments 19 or on the type of attachment to the surface. 20 All these results suggest that lament anchoring is important for determining their curvature and the way they deform the membrane.
In this paper we propose and test the hypothesis that considering both a preferred curvature and a twist in FtsZ laments is enough to explain the formation of straight and curved laments on at surfaces. We show rst that Molecular Dynamics (MD) simulations, based on the structure of the crystallized protein, show the presence of preferred curvature and torsion angles between neighboring monomers. We then use the bend and torsion angles and their uctuations to develop a theoretical model to simulate the behavior of the twisted and curved laments attached to surfaces. We nd that orientation and attachment strength determine the shape of the laments and the tension created on the surface. We nally analyse and explain existing results and show new experiments in which the structures formed by FtsZ oriented on lipid bilayers can be explained by the predictions made by the model.
The presence of a preferential lament curvature and torsion suggests a new way, independent of GTP hydrolysis, to control the tension generated on the membrane. For the right orientation, modulating attachment strength can induce a switch from a so lament to a stiff off-plane curved lament that exerts a maximum force perpendicular to the surface.
Results

Twisted laments: molecular dynamics simulations
The structure of the crystallized Methanococcus jannaschii FtsZ dimer 13 has been used to search the best possible superposition of the structure of one monomer on that of the other monomer. By this computational elongation, we have generated the polymer structure in Fig. 1 that shows a helical structure with the C-terminal end of the protein located in the same orientation each approximately 18 monomers ( Fig. 1A ). During unrestricted MD (see below), the helical structure exhibits a contraction-extension behavior; e.g., aer 8 ns of MD, the polymer showed the same orientation of the C-terminal end each 8-10 monomers ( Fig 1B) .
The MD simulations of an FtsZ pentamer were performed following the method previously published. 25 Using the complete modeled pentamer, unrestricted MD of 288 517 atoms, including water molecules in the solvent box, were carried using AMBER 12. 28 The sampling over 80.0 nanoseconds shows the uctuations of the curvature angle between the mean directions of the three monomers at each end of the pentamer and the torsion angle (dened from the C-terminal end) ( Fig. 2 ).
Theoretical model
Helical shape and uctuations of a free FtsZ lament
The helical structure may be characterized by the mean angles observed in the MD simulation of the pentamer.
The structure of the FtsZ pentamer was explored along the molecular dynamic simulation for a total running time of 26.7 nanoseconds. Their statistical properties have been obtained neglecting the rst 13.3 ns, to allow for the thermalization of the initial conguration. The bending of the FtsZ pentamer is measured by the angle a, calculated between the directions of the lines from the rst to the third, and from the third to the h monomer, so that it accumulates the equivalent of the bending angles in two consecutive bonds a ¼ p À q 1 À q 2 . The mean value was hqi h hq 1,2 i z 7.6 between the directions of neighbor monomers (see the histogram of (p À a)/2 in Fig. S1 in the ESI †). The observed uctuations of a correspond to two consecutive bonds, that we take as independent from each other (hq 1 q 2 i ¼ hq 1 ihq 2 i), so that Dah ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ha 2 i À hai 2 measures the orientation mismatch between two consecutive monomers with respect to the axis joining their bonding sites.
We nd hdi z 20 , and Ddh ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi hd 2 i À hdi 2 q z4 (see also the histogram in Fig S1 †) . These mean values and mean uctuations may be taken with a condence of about AE0.5 , from the possible changes if we analyse the simulation results over time intervals with AE1 nanoseconds. The local tangent plane is approximately that containing the C-terminal groups on the outer side and the N-terminal groups on the inner side of the curved polymer.
The angular uctuations observed in the MD simulation of the pentamer may be used to estimate the exibility of the laments. Assuming that the MD run is a good sample of thermal equilibrium, the elastic constants that describe the bending and the torsion of the lament, k q ¼ kT/Dq 2 and k d ¼ kT/Dd 2 can be used to describe the increase in the free energy per bond due to the elastic energy needed to reorient the monomers.
where U b is the bond free energy in the optimal (helical) structure. The estimated values bk q z 583 and bk d z 200 indicate that lament torsion is about three times more exible than lament bending. The persistence length for the helical axis of a free lament, with these elastic constants, would be about 4 mm (i.e. above one thousand monomers), which is consistent with some previously estimated values, 29 but larger than other estimations. The determined value is likely to be conditioned by the experimental technique used to do the measurements. Results obtained from cryoelectron microscopy give a slightly smaller value, 1.5 AE 0.25 mm, 30 whereas the persistence length estimated from transmission electron microscopy images is only 180 nm. 31 It is possible that the negative stain used in the sample preparation for TEM can affect the rigidity and length of the laments adsorbed on the carbon grid. (See ESI † Section 1 for a full description of the free FtsZ laments.)
Model for elastic helical laments anchored to a planar substrate
The shape and exibility of the free FtsZ helical lament are affected when the protein is adsorbed on a planar substrate. We rst consider the effect of the surface proximity on the properties of the laments by restricting the bending and torsion angles between monomers without including any energetic contribution from monomer anchoring to the surface. We dene the angle j as the orientation of each monomer with respect to the surface (see Fig. 3 ). For small j i values, the natural tangential plane of the free lament is nearly parallel to the substrate. The optimal on-plane angle and elastic bending constant k q are the same as in the free helix (eqn (1)).
In the opposite limit, when j i z 90 , the natural tangent plane of the free lament is perpendicular to the substrate, and there is no spontaneous curvature for the laments on the surface. The free energy to keep the laments straight is z 3 kcal mol À1 , i.e. nearly 5 kT at room temperature, and therefore quite relevant to determine the preferential orientation and the on-plane curvature of laments on planar substrates under experimental conditions. (See Section 2 in the ESI † for the full evaluation of the effect of the surface proximity on the torsion and curvature elastic constants.)
In addition to the energetic contribution due to the induced bending and torsion of the lament, we can also include the free energy due to the direct interaction of each FtsZ monomer with the surface u a (j). We then explore the thermal equilibrium distributions for laments with the bending and torsional energy using a simple anchoring potential model,
with the minimum free energy ÀU a when the monomers have the orientation j o , and with a monomer-surface binding stiffness controlled by k j . This term, added for all the monomers in a lament P i uðj i Þ, describes the specic anchoring of the protein monomers and depends on the nature of the substrate and the way the protein is attached to it. When added to the contribution from the geometrical constrain to force the free lament helix on the substrate plane described above, it provides the full description of laments on a surface. Simulations were done for ideal laments, i.e. neglecting any interaction beyond the independent structure of each bond. The monomers were added one by one to the end of the chain with the orientations j i , j i+1 ,., chosen randomly to reproduce the equilibrium probability distribution in their torsional state. Long laments, up to N ¼ 5000 monomers, were simulated.
The sketches shown in Fig. 4 show typical lament shapes obtained for different j o values and stiffness k j in the anchoring potential (eqn (2)). The observed shapes show that a broad range of anchoring parameters lead to the formation of rings (or rolls with multiple rounds if the effects of the excluded area and the lateral attraction between the laments were included).
The effect of specic anchoring may be found in the variation of the mean on-plane angle hq i i ¼ hq M (j i , j i+1 )i, or equivalently in the optimal ring radius hRi ¼ s/hqi for monomers of size s. For very stiff anchoring, i.e. large k j in eqn (2), all the monomers would have similar orientation j i z j o (see ESI †). When the optimal anchoring on the substrate keeps the orientations of the tangential plane in the free lament i.e. j o z 0 the laments would have their maximum curvature hqi z q o . Increasing j o reduces the mean curvature, since the anchoring on the planar substrate forces the lament partially out of its spontaneous curvature as a free helix. For large enough values of j o , the combined effect of the anchoring on the substrate and the spontaneous torsion along the lament lead to hqi ¼ 0, i.e. laments without spontaneous on-plane curvature ( Fig. 4 upper panel) . For loose anchoring, low k j in eqn (2), the mean curvature of the laments is always very small and changes very little with the value of j o . The spontaneous torsion of the lament tends to keep the angle j i changing along the lament and regions with j i z 0 and others with j i z 180 cancel out the mean curvature ( Fig. 4 lower panel)(see Section 3, ESI †).
Experimental verification
The theoretical model presented above, that relates the lament length, curvature and torsional strain, optimal anchoring and monomer orientation with the nal conformation and shape uctuations on a at surface, can be used to describe the shape of FtsZ laments on surfaces observed by AFM microscopy. This analysis provides an explanation to lament shapes in two sets of experimental observations: laments adsorbed on mica, and laments anchored on lipid bilayers with a well dened orientation.
AFM on mica
When FtsZ laments are absorbed on a mica surface there is no direct control over the orientation of the monomers on the surface. The measured height of the laments indicates that they are in close contact with the planar substrate, but there is no information about monomer orientation and anchoring.
It was recently shown that a mica surface promotes the assembly of cytoskeletal proteins. FtsZ was able to polymerize directly on the surface when incubated below their critical concentration. Imaging was performed in air aer xing the sample with 0.02 (w/v) uranyl acetate 19 at different incubation times following the polymerization process. Longer incubation times gave long and curved laments similar to ones previously observed under solution. 32,33 Short incubation times showed coexistence between very straight and curved laments (see Fig. 5 ) and their angle distribution differed from the Gaussian distributions obtained when laments were imaged under solution. 29 Fig . 6 presents the histogram of mean curvatures extracted from the digitalized images. A possible explanation for the dimorphism of the laments comes from the crossed effects of the internal torsion of the bond between protein monomers and the anchoring of each monomer to the surface.
The curvature-torsion model indicates that restricting the shape of the laments to be adsorbed to a surface is energetically unfavorable. Depending on the lament length, this energy cost could be compensated by the energy gained by the anchoring. This hypothesis leads to a discrete set of separate twist structures, as local minima of the torsion plus anchoring energies, so that the lament may be trapped in a sub-optimal structure for a long time, before the thermal uctuations take it over the energy barriers towards the global minimum energy structure (Section 4 in the ESI †).
The observed polymorphism of the lament shapes in the AFM images could therefore represent the coexistence of laments in different twist congurations: short laments remain twisted and are therefore straight, whereas for longer laments, the interaction energy between monomers and the substrate is strong enough to overcome the cost of untwisting and the laments adopt curved shapes.
The spontaneous curvatures observed experimentally are compatible with 30 # j o # 45 , indicating that the C-terminal to N-terminal plane is standing at such angles with respect to the mica plane.
Filaments oriented on lipid surfaces
In order to further test the hypothesis that the orientation of the tangent plane of the laments with respect to the surface determines the curvature, we performed experiments anchoring a mutant form of E. coli FtsZ containing a cysteine in position 255 to lipid surfaces. FtsZ monomers covalently attached to a lipid surface through a well dened position can reversibly polymerize on the surface in the presence of GTP. 22 If the cysteine is located near the C terminal region of the protein, anchoring to the lipid bilayer would leave the C-terminal to N-terminal plane perpendicular to the surface, making j o z 90 and giving rise to straight laments (Fig. 7A ). Fig. 7B shows the straight laments observed on lipid bilayers containing a zwitterionic lipid head (DOPC). However, when the same proteins are attached to lipids containing a negatively charged head (cardiolipin), laments are curved ( Fig. 7C ). Since the cysteine is located near the carboxy terminal end but surrounded by a patch of negatively charged lipids (see Fig. S6 in ESI †), we interpret this result as indicating that the surface negative charge reorients the C-terminal N-terminal plane with respect to the plane of the membrane, leaving it close to the previously estimated value for the mica, also negatively charged, of 30 # j o # 45 . Although the attachment of the protein to the lipid is made through a covalent bond, the S9 loop region where the cysteine is located has been dened as being highly exible, 34, 35 allowing for reorientation of the tangential torsion plane with respect to the surface. Curved laments were also observed on lipid bilayers of different compositions containing negatively charged E. coli polar lipids (Fig. S7 †) .
Discussion
This is not the rst time that a twist in FtsZ laments is suggested. Theoretical models, 37,38 molecular dynamic simulations 39 and, more recently, experimental observations 18 have considered the existence of a twist angle between the monomers constituting FtsZ laments.
In the rst case, the authors suggested that the formation of coils or rings from different cytoskeletal proteins observed inside bacteria could arise, at least in part, from the interaction of the inherent mechanical properties of the protein polymers and the constraints imposed by the curved cell membrane. The polymer model used included all turning angles of the membrane bound monomers: le-right, up-down and a rotation around the polymer axis. 37 Recent molecular dynamics simulations 39 directed towards understanding the role of the phosphorylation state of the nucleotide within the monomers on the lament curvature also found that both GDP and GTP containing monomers presented a twist angle. Those simulations were performed using a modelled FtsZ dimer and extrapolating their ndings to polymers, instead of the use of modelled oligomer-pentamer as in the present work. In addition, the authors concentrated mainly in interpreting the bending motion between monomers and disregarded the importance of the twist angles.
Very recently, elegant experiments using curved biomimetic platforms showed that FtsZ containing a membrane targeting sequence (MTS-FtsZ) formed laments that wrapped around glass cylinders. The angles formed between the laments and the cylinder axis differed from expected for laments having only a spontaneous curvature. 18 Including both an intrinsic curvature and a spontaneous twist in the theoretical model of a helical lament bound to a curved surface could however explain the experimental results.
The work presented here builds the theoretical model including both the bend and twist angles between protein monomers that dene the FtsZ pentamer obtained from MD simulations. Such a theoretical description of the shape and uctuations of free laments has at least two important advantages over previously published models: 18, 37 (1) the quantitative estimate of the bending and twisting rigidities are reliable, as conrmed by their agreement with experimentally estimated values of the persistence length 29, 30 and (2) the angles and their uctuations are very well dened in space with respect to the protein coordinates. These two elements allow us to obtain additional information: how the orientation of the protein monomers affects the overall lament shape and how the anchoring strength can modulate both their shape and properties.
We can now address a very relevant biological question: the relationship between lament curvature and the orientation of the monomers on the surface. It is known that both FtsA and ZipA, proteins that link FtsZ to the membrane, bind to the carboxy terminus end of the protein. 15 Our model indicates that this orientation has important consequences: it allows for the formation of straight laments with j o z 90 that, depending on the tightness of the bonding, could transmit the tension to the underlying surface.
Force on the substrate
We can estimate how protein orientation and attachment strength affect the stress exerted on the substrate. The maximum force would be done when the preferential anchoring of the lament sets the tangent plane perpendicular to the substrate, j o z AE90 , and it would vanish when the lament shows the maximum on-plane curvature with the tangent plane parallel to the substrate, j o z 0 or 180 . Our analysis also indicates that the presence of a twist can be used to modulate that force depending on the tightness of the anchoring. A loose attachment of the monomers to the surface allows releasing the lament bending strain, whereas a very tight anchoring generates extremely rigid laments that can produce the maximum stress on the substrate. The so twist provides a valve to release the tension created by the oriented attachment as long as the link is exible. In contrast, a stiff attachment would cancel this effect and allow the laments to display the full potential of their geometrical and mechanical design to generate force: presence of stiff laments with a curvature perpendicular to the plane of the membrane. The possibility that twist, curvature, orientation and attachment of the lament with respect to the membrane participate in modulating the force offers possible explanations to the role played by different proteins that bundle the laments and attach them to the surface. Fig. 8 shows, for laments with the bending rigidity extracted from the MD simulation of the FtsZ pentamer, the force per protein monomer produced over a broad range of anchoring angles, from 40 # j o # 130 . The amount of force exerted by the laments on a curved surface is proportional to the mismatch between the spontaneous curvature of the laments and that of the surface. The force decreases as the substrate curvature approaches that of the free lament. Fig. 8 shows the force estimate for several values of surface curvature, from a at surface to 74 nm in diameter (about one seventh the diameter of an E. Coli bacteria).
On an elastic substrate like a free standing lipid bilayer, the laments would deform the membrane inducing the curvature needed to compensate for its spontaneous off-plane curvature. This has been observed experimentally. 17 Estimates of the required radial force to produce the observed deformations of multi-layer tubular liposomes 16, 40 suggest that each FtsZ monomer should create a radial force in the range of 50 pN, which is within the values attainable if the laments are properly oriented.
Previous estimates of the contractile force that can be exerted by the laments are based either on lament bending or on lament sliding due to lateral interactions. The quantitative estimates are however strongly dependent on the lament properties considered. If laments are considered to have a persistence length of 180 nm, they are too so to exert enough force through curvature. 41 The authors then consider a lattice model to describe lament condensation on a at surface and argue that a condensation transition from a low density state to a high-density state can generate a sufficient contractile force to achieve division. On the other hand, if the stiffness of the laments is taken to be similar to that of actin, persistence length of z15 mm, much longer than any estimation done for FtsZ laments, 11 a force generation mechanism based on a curvature change can be proposed.
The model presented here makes a quantitative estimate of lament properties using results from MD simulations. It indicates that the presence of torsion and curvature, combined with the attachment to the membrane surface, provides a strategy to modulate bending rigidity and a mechanism, different from GTP hydrolysis, to produce a switch from straight to curved conformation with respect to the membrane surface. The lament would behave as having two springs in series, a so one due to the twist and a more rigid one due to the bending. If the so twist is cancelled, the laments become stiff and their orientation denes the lament surface morphology and also the stress generated on the surface.
The information available about the orientation and surface attachment of FtsZ to the membrane are both compatible with the suggestion that these elements could be regulated in vivo to trigger and modulate the force generation spatially and temporally within the cell. FtsZ is known to bind through its C-terminus end to the membrane through a exible nonstructured region that is well conserved in many organisms. 35, 36 Furthermore, FtsA and ZipA, the proteins that have been associated with FtsZ binding to the membrane, also contain a nonstructured region that can lie between FtsZ and the membrane. 42, 43 In reconstituted systems, the distance and probably the stiffness of the membrane attachment of FtsZ through ZipA, modulated by the presence of charged lipids on the membrane, is indeed associated with the degree of curvature. 20 Furthermore, proteins that bundle FtsZ laments like ZapA, ZapB and ZapC 44,45 could play a role similar to that of a strong surface attachment: inhibiting lament torsion and allowing the orientation and curvature of the laments to prevail in determining the stiffness and stress transmitted to the membrane. Although the results obtained here refer only the analysis of single laments, it would be worth exploring the role that bundling plays on the properties of the polymer bers. 46 Interestingly, very recent experiments using Polarized Fluorescence Microscopy have shown an unexpected disordered organization of the laments. 47 It could well be that the disorder Fig. 8 The off-plane force as a function of filament orientation on the surface. The force is maximum for preferential anchoring j o ¼ 90 . / indicates the diameter of the curved surface where the filament is attached. 
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detected could reect the different monomer orientations due to torsion. It is likely that lateral interactions and lament curvature both play important roles at different stages of the force generation process: lateral interactions between laments could participate in condensing the laments into a ring possibly exerting some force, 41, 48 and lament curvature, once the twist is cancelled either through lament surface attachment or bundling, could produce the nal power stroke. The quantitative evaluation provided by this model contributes to rene our picture of how FtsZ structure and surface binding come together to generate force on the underlying membrane.
Materials and methods
3D modelling and molecular dynamics
The three-dimensional model of the FtsZ pentamer in the presence of Mg ++ -GTP and K + in the active centre was constructed by successive structural alignment of the two FtsZ subunits of the previously published MD-equilibrated FtsZ dimer, 24 essentially as described previously. 25 MD simulation was performed using the PMEMD module of the AMBER 12 package. 28 The modelled FtsZ polymer was surrounded by a rectilinear solvent box with a minimum distance of 15Å from the edge of the box to the closest atom of the solute (the total number of atoms in the system: 288 517), and with periodic boundary conditions, using LEAP. As described previously 24, 25 electrostatic interactions were represented using the smooth particle mesh Ewald methods with a grid spacing of 1Å: K + ions were placed in a shell around the system using a coulombic potential in a grid of 1Å as implemented in the XLEaP module of AMBER package. Adaptation to the AMBER force eld ff99SB 27 was performed by 10 000 steps of energy minimization using a cut-off of 9Å and a dt of 0.002 ps. During the initial heating phase (200 ps), the temperature was raised from 0 to 300 K, restraining the position of the Ca atoms with a force constant of 20 kcal mol À1 , reducing the force constant in a stepwise fashion in the subsequent phase. Aer equilibration, unrestrained MD was performed for 80 ns, relocating the hydrogen atoms using the SHAKE algorithm. As indicated in a previous work, 25 sufficient sampling for protein movements on the FtsZ modeled pentamer during MD trajectories was measured by calculation of the non-weighted covariance matrix of C-alpha atoms of the structure to obtain the cosine content (ci) 26 of the three rst principal components. The results, far from a perfect cosine in all cases, indicated that the trajectories reached an overall sufficient sampling. The coordinates were saved for analysis of atom positions every 20 ps. Geometrical values were measured using Cpptraj (from AMBER 12 package). To illustrate that the trajectory had reached an overall sufficient sampling, the evolution of the cosine content calculated for the rst principal component in a the whole 80 ns trajectory was measured (See Fig. S8 †) . A fast decrease of the cosine content was observed in the rst 20 ns, providing an information about the convergence of the structure, far from random diffusion. 26 
Protein purication and assay
Mutation and overexpression of mut E. coli FtsZ S255C are explained in ref. 22 (see ESI † for further details). Expressed proteins were puried as described in ref. 21 except with the addition of 1 mM DTT in buffers to keep their cysteine residues in a reduced state. Protein purities were checked by SDS-PAGE and were found to be 98%. Protein concentrations were measured using the BCA assay (Pierce).
Preparation of S255C-EcFtsZ anchored to planar lipid bilayers Separate 0.1 M stock solutions of the lipids dioleoyl phosphatidylcholine (DOPC), E. coli cardiolipin (ECCL) (Avanti Polar Lipids, Alabaster), or distearoyl N-(3-maleimido-1-oxopropyl)-Lphosphatidylethanolamine (DSPE-MAL) (NOF Corporation) were prepared in a CHCl 3 /CH 3 OH 1/1 (v/v) solvent. A mixture of 90% DOPC (or ECPL)/10% DSPE-MAL or DOPC 80%/cardiolipin 10%/DSPE-Mal 10% mol mol À1 was evaporated under nitrogen and resuspended in Buffer L (50 mM Tris-HCl pH 7.4, 200 mM NaCl, 5 mM CaCl 2 ) at a nal lipid concentration of 2.5 mM for preparing DOPC. To obtain Large Unilamellar Vesicles (LUVs) the suspension was extruded 31 times through a 200 nm pore membrane. To fuse the lipid bilayer on the substrate a diluted 0.1 mM solution of the LUVs was placed in contact with freshly cleaved mica for 45 min at 30 C. Then, the samples were rinsed with Buffer Z (50 mM Tris-HCl pH 7.4, 500 mM KCl, 5 mM MgCl 2 ) to remove excess LUVs. In order to anchor each FtsZ mutant to the lipid bilayer surface, a 2 mM solution of the protein in buffer Z was incubated on the formed bilayer (ratio of 1 : 5 linker lipid head to protein) for several hours to ensure a complete coverage of the active surface. 100 mM TCEP was also added to reduce eventual disulde bonds formed between proteins. Aer the incubation period the sample was rinsed with Buffer Z to remove excess protein.
AFM imaging
Atomic Force Microscopy (AFM) imaging was performed on the bilayer anchored FtsZ mutant in buffer aer rinsing the excess protein in the presence of 5 mM GTP. AFM images were taken with a microscope from Nanotec Electrónica (Madrid, Spain) operated in the jump mode 23 in a liquid environment. The scanning piezo was calibrated using silicon calibrating gratings (NT-MDT, Moscow, Russia). Silicon nitride tips (Veeco) with a force constant of 0.05 Newton per m and 20 nm tip radius were used.
